20 min., and is then chilled and reprecipitated two times, as described above. A third incubation-reprecipitation cycle has been carried out in some cases. Unless otherwise stated all enzyme solutions have been prepared in medium A.
Isolation of RNA for radioactivity determination: The RNA is isolated according to the general procedure described previously. 2 creasing concentrations of valine-C14 (4.29 X 106 ammonia is removed by blowing an air cpm per jAmole) or isoleucine-C"4 (11.7 X 106 stream over the samples kept at 00. cpm per ;mole), or leucine-C'4 (1.82 X 106 cpm The s per pmole) in a total volume of 1 ml O = valine, amples are acidified with 100 per * = leucine, and o = isoleucine. cent trichloroacetic acid and placed on 20 X 1 cm columns of Dowex-1 hydroxide resin. Valine amide is washed out of the column with distilled water while free valine is retained. The valine amide is concentrated, plated on copper planchets, and counted.
Results.-Conditions for amino acid incorporation into the RNA of the pH 5 fraction of ascites cells: In a previous publication2 Hoagland et al. described conditions for the incorporation of amino acids into RNA and protein in rat liver cell fractions. Subsequently it was found advantageous to use cell fractions of ascites cells, because the activity of degradative enzymes is lower." The new conditions used are therefore described. Figure 1 shows the substrate requirement for the incorporation of valine, leucine, and isoleucine into the S-RNA of the preincubated pH 5 fraction. In each case a concentration of 10-3 mM very nearly saturates the incorporation system. In order to obtain maximal incorporation of amino acids into RNA a concentration of 1 mM ATP is required, in the presence of phospho- VOL. 45, 1959 BIOCHEMISTRY: HECHT ET AL. 507 pyruvate and pyruvate kinase (Fig. 2 ). In the absence of the ATP generating system, 10 mM ATP is needed. A pH curve for the binding of valine to RNA is shown in Figure 3 . amount of RNA added in every case. Equivalent quantities of microsomal and nuclear RNA of the mammalian cells, however, do not accept the amino acids. The enzymes activating leucine and valine and transferring these amino acids to RNA remain active for at least 2 hrs. of incubation at 37°. This is shown in Figure 5 , where the transfer of leucine to added RNA, present in excess, is-measured during a 10-min interval, after the enzymes have been preincubated as long as 110 min. It has not, however, been determined to what extent the enzymes in- The final volume was 1 ml. The samples were (Table 2 ). Table 2 shows that in the chilled, and perchloric acid was added to stop presence of CTP plus ATP, valine (or the reaction. The m/Amoles of valine incorporated per mg of RNA are given at the various leucine) can be incorporated into the pH values. (A parallel set of flasks was treated S-RNA of the preincubated pH 5 in the same manner except that C"2-valine was added. At the end of the incubation the pH of fraction, whereas there is little or no the incubation mixture was measured. In no incorporation of valine (or leucine) case was the change of pH during the incubation greater than 0.15 pH unit).
into S-RNA in the absence of CTP. Neither GTP plus ATP, nor UTP plus ATP can produce this effect. Thus CTP is essential for both the addition of the adenine nucleotide to S-RNA, and for the binding of the amino acids to this same S-RNA fraction. Table 3 shows that all of the 14 natural amino acids and the three amino acid analogues tested are incorporated into the RNA of the preincubated pH 5 fraction to a much greater extent when CTP is added to the incubation system. The variation in the relative incorporation of these amino acids into the S-RNA may be due to differences in the yield and stability of specific amino acid activating enzymes and differences in the amounts of specific S-RNA molecules which may serve as acceptors of individual amino acids. The presence of RNA molecules specific for the individual amino acids is suggested by the absence of competition between natural amino acids for sites on the S-RNA, and by the additive incorporation of VOL. 45, 1959 BIOCHEMISTRY: HECHT ET AL. 509 Incorporation of adenine nucleotide into RNA: 0.6 ml of preincubated pH 5 fraction was incubated at 37°for 10 min. in a total volume of 1 ml in the presence of 3.6 pmoles of MgCl2, 1 ttmole of ATP-8-C'4, containing 3.5 X 106 cpm per umole, and where indicated, 1 j&mole each of CTP, UTP, or GTP.
The same specific nucleotide requirement is found for the incorporation of leucine into RNA.
amino acids.2' 8, 9 This interpretation is supported by experiments of Schweet25 in which he reports separating the S-RNA into fractions which bind specific amino acids preferentially. Di-phenylalanine-3-C14 Under the above conditions, CTP (tested in concentrations equimolar with those of ATP) cannot replace ATP and does not enhance the activity of ATP in the amino acid activation reaction, as determined by P32-labeled inorganic pyrophosphate exchange with ATP in the presence of amino acids. This evidence supports the previous conclusion" that CTP does not participate in the initial step of activation of amino acids.
Comparison of CTP requirement for incorporation of amino acids into S-RNA and for formation of the nucleotide end grouping on the S-RNA: The concentration of CTP required for optimal incorporation of valine into S-RNA and for the incorporation of the cytosine and adenine nucleotides into S-RNA is the same, as is shown in Figure 6 . Deoxy-CTP cannot replace CTP in this reaction. pCpCpA-val*, respectively. ¶ The reac- 2- tion is stopped by chilling followed im-E 0 mediately by dilution of the incubation a To calculate the per cent exchange: the cpm per mg RNA obtained when C12-nucleotide (or valine) was present during the initial incubation and C14-nucleotide (or valine) was added during the subsequent incubation is divided by the cpm per mg RNA obtained when the C14-nucleotide (or valine) was present during the entire incuba--tion period. This value is multiplied by 100.
A. The incorporation of the cytosine nucleotide was determined by incubation at 370 of 0.7 ml of the preincubated pH 5 fraction with 5 pmoles of phosphopyruvate, 10,ug of pyruvate kinase, and 0.1 ,umole of CTP-C14 (63,500 cpm per pmole). Further additions of 1 umole of ATP and 0.1 jumole each of 18 amino acids were made, as indicated. The final volume was 1 ml. The minutes of incubation are given in parentheses.
The exchange reaction was studied as follows: 0. shown in Figure 9 . These data indicate that while CTP is required for the formation of the functional nucleotide end grouping of the RNA which serves as amino acid acceptor, CTP is not a cofactor involved in the transfer of the amino acids to the RNA.
Protection ofthe nucleotide end grouping of the RNA by amino acids: The incorporation of the adenine and cytosine nucleotides into RNA-. which has been freed of its These data suggest that the amino the pH was adjusted to 5.2 with 1 M acetic acid.
The precipitate was washed with distilled water and acids are transferred to an acceptor was dissolved in medium A. The RNA-pCpC was RNA which possesses intact nucleoextracted immediately. RNA-pCpCpA was prepared by incubation of the preincubated pH 5 frac-tide end groupings (RNA-pCpCpA), tion with 0.05 mM CTP and 0.1 mM ATP at 370 for and that they are bound to the 10 minutes. The incubation mixture was treated, andth as above, and the RNA-pCpCpA was extracted. terminal adenine nucleotide, thereby
The basic incubation mixture contained 0.7 ml. preventing the replacement of the The incubations were carried out at 370 for 10 terminal adenine nucleotide of RNA: minutes. In all cases the radioactivity incorporated The presence of a carboxyl phosinto the total RNA in each flask was determined.
The data reported are the cpm incorporated into the phoanhydride linkage is unlikely, different types of added RNA. These values were since RNA leucine or valine is quite obtained by subtraction of the cpm in RNA found sneReo aiei ut in the control flasks from the cpm in the total RNA stable to heating at 1000 in 10 per found in the flasks containing added RNA in the cent NaCl, pH 4 to 5,2 and since presence or absence of CTP, respectively.
RNA-leucine, in contrast to leucyladenylate, reacts only slowly with hydroxylamine at pH 5.5 at 00.18 The unreactivity of RNA-valine with ammonia to yield valine amide22 under conditions where valyladenylate is converted quantitatively, as shown in Table 5 , also suggests another type of linkage.
Linkage of the amino acids to the 2' or 3' hydroxyl group of the terminal adenine VOL. 45, 1959 BIOCHEMISTRY: HECHT ET AL. The complete system contained: 1.5 ml of preincubated pH 5 fraction (containing 220 pg RNA per 1.5 ml), 10 mM ATP, 0.2 mM CTP, 0.01 mM valine-C14 (11.7 X 106 cpm per pumole) in a total volume of 2 ml. Omissions of CTP, ATP, and addition of RNA prepared from a preincubated pH 5 fraction of rat liver were made as shown. The incubation was carried out at 370 for 15 min. The reaction mixture was then chilled and one aliquot from each flask was pipetted rapidly into ammonia-ethanol at -78°for the determination of valine amide. The total cpm in RNA per ml of incubation mixture were determined in a second aliquot. After addition of perchloric acid, RNA was added to the flasks to give a constant quantity of RNA per flask.
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nucleotide is suggested by the demonstration of inhibition of the transfer of the amino acid to RNA-pCpCpA by borate ions, as shown in Table 6 . At pH 8.5 borate ions complex with 2' and 3' hydroxyl groups of ribose28 and thereby might be expected to prevent the linkage of the amino acid and of the mononucleotides to this site on the RNA. It is also possible that the borate inhibition may occur in some other way. II. Adenine nucleotide incorporation into RNA-pCpC:RNA-pCpC was formed during a 10-min. incubation at 370 of 0.7 ml preincubated pH 5 fraction, 80 pg RNA-(isolated from a preincubated pH 5 rat liver fraction), plus 0.2 gmole of CTP, in a total volume of 0.8 ml. Thereafter Tris-maleate or sodium borate buffer was added, as above, and the samples were kept at 370 for 10 min. 0.5 pmole of ATP-C14 was then added and the incubation was continued for 10 min. The final volume was 1 ml.
III. Valine incorporation into RNA-pCpCpA :0.7 ml of preincubated pH 5 fraction was incubated for 10 min. at 370 with 80 pg RNA-(isolated from the preincubated pH 5 fraction of rat liver), 0.2,p mole of CTP, and 1 pmole of ATP to form RNA-pCpCpA. Tris-maleate or sodium borate buffer was then added and the samples were kept at 370 for 10 min. 0.1 gmole of valine-C14 and 9 pmoles of ATP were then added and the incubation was continued for 10 min.
The specific activities of the RNA and the percentage inhibition in the presence of borate ions are reported.
Evidence for the linkage of the amino acids to the 2' or 3' hydroxyl group of the ribose of the terminal adenine nucleotide of RNA is the reduced reactivity of this group with periodate in the presence of the amino acids. Whitfield29 has shown that after oxidation with periodate, the terminal nucleoside of a di-or trinucleotide is readily split off at pH 10 while ordinary phosphodiester linkages are stable. RNA having a labeled terminal adenine nucleotide carrying amino acids was prepared (RNApCpCpA*-amino acid). One-half of this was treated with dilute alkali to release the amino acids, thus forming RNA-pCpCpA*. Both types of RNA were allowed to react with sodium periodate, and the resultant products were hydrolyzed with 0.05 M glycine buffer at pH 10 for 30 hrs. The hydrolyzates were chromatographed on Dowex-1-formate resin. RNA was held on the column, and the adenine split product was eluted with 0.05 M HCOOH. The data in Table 7 show that a larger percentage of terminal adenine nucleotides was oxidized and hydrolyzed from the RNA sample which had been treated with alkali to free it of amino acids, thus indicating that in the presence of amino acid, some of the 2' or 3' hydroxyl groups of the terminal adenine are inaccessible to oxidation by periodate. Under ideal conditions, RNA-pCpCpA-amino acid should not react with periodate, whereas RNA-pCpCpA should react quantitatively. In the above experiment, the release of amino acids from RNA by alkali is apparently incomplete since only 71 per cent of the counts were released from the alkali treated RNA by periodate oxidation instead of the theoretical 100. In addition the RNA-pCpCpA-amino acid apparently was not fully saturated with amino acids since some terminal 2' or 3' hydroxyl groups (38 per cent) were available to react with periodate. Under the experimental conditions used for the isolation of RNA-pCpCpA-amino acid some amino acids may well be lost from the RNA. Nevertheless, the experiment adds evidence that the presence of the amino acids makes a number of the 2' or 3' hydroxyl groups of the terminal adenine nucleotide of the RNA inaccessible to oxidation by periodate. The RNA samples were placed on Dowex-1 X 10 formate resin (9 X 0.7 cm) and the adenine split product was eluted with 0.05 N HCOOH. 5 ml fractions were collected until the radioactive peak had been eluted. The total radioactivity found in this fraction was determined, and the percentage of the radioactivity released from the RNA is reported. The samples treated with periodate each contained 3,300 cpm when placed on the columns. Under these conditions of periodate oxidation, RNA-pCpCpA-Val* is stable and less than 5 per cent of free valine is formed.
Discussion.-The RNA isolated from the freshly prepared pH 5 fraction of the supernatant fraction generally contains the cytosine and adenine nucleotide end group and it is at least partially saturated with amino acids. Nucleotides and amino acids are lost from the RNA on incubation of the pH 5 fraction in the absence of CTP, ATP, and amino acids, and in the presence of inorganic pyrophosphate and AMP. The demonstration of the separate steps involved in the linkage of amino acids to the S-RNA can thus be shown best after the S-RNA has been freed of these end groups. Under the conditions described, three separate steps can be defined. The first is the addition of one or two cytosine nucleotide end groupings to the RNA. This addition can occur in the absence of amino acids. Second, the adenine nucleotide can be added to the RNA-pCpC when ATP is present at a concentration which VOL. 45, 1959 BIOCHEMISTRY: HECHT ET AL. 517
is insufficient for the activation and transfer of amino acids to S-RNA. The third step is the linkage of an activated amino acid to RNA-pCpCpA. Berg and Ofengand8 report that this last reaction may be catalyzed by the same enzyme that activates the amino acid, since the relative activities of methionine activation and transfer to RNA remain constant during a 100-fold purification procedure. The site of amino acid linkage to RNA appears to be the 2' or 3' hydroxyl group of the terminal adenine nucleotide of the supernatant RNA, as is indicated in this communication and by the complementary direct finding of Zachau et al. ' 8 who describe the release of 2' or 3' leucyladenosine from RNA-leucine by ribonuclease. The mode of the amino acid linkage to S-RNA is probably the same for all amino acids, since all of the 14 amino acids tested required the presence of the same nucleotide end group. Different RNA molecules, each possessing the same nucleotide end grouping, appear to exist, since the individual amino acids are incorporated into S-RNA additively and since there is no competition for sites on the S-RNA between natural amino acids. Partial separation of RNA fractions specific for attachment of particular amino acids has been reported by Schweet et al.25 The number of nucleotide end groups attached to the S-RNA is of the right order of magnitude to accommodate all the amino acids on the terminal adenine nucleotides of specific S-RNA molecules. For example, Figure 6 shows that under optimum conditions 38 and 17 mj~moles of the cytosine and adenine nucleotide, respectively, are incorporated per mg of S-RNA, while the maximum incorporation of valine into S-RNA is 1 mjumole per mg S-RNA.
Since all of the amino acids examined have required the -pCpCpA terminal grouping on S-RNA, it is obvious that the specificity or coding does not reside in those nucleotides proximal to an activated amino acid.
Under these conditions, the lack of competition among natural amino acids, the low (and physiological) concentrations of the substrates required,23 and the fastidious conditions for the incorporation of amino acids into preincubated RNA support the opinion that these are reactions involved in the biosynthesis of protein.
The soluble RNA molecules thus appear to be carriers of activated amino acids, each RNA molecule coded in some fashion for a specific amino acid, and in turn perhaps coded for a specific, complementary site on the ribonucleic acid portion of the ribonucleoprotein particle which serves as a protein synthesizing template. In this connection there is some indication for the transfer of at least a part of the S-RNA to the RNA of the ribonucleoprotein particle. [30] [31] [32] Summary.-The functional unit of the soluble ribonucleic acid which is required for the binding of amino acids to ribonucleic acid is a specific nucleotide end grouping. Under the conditions described, this consists of two cytosine nucleotides followed by a terminal adenine nucleotide. These nucleotides can be added to ribonucleic acid reversibly. Of 14 amino acids tested, all are incorporated into soluble ribonucleic acid to a much greater extent when the ribonucleic acid possesses this specific trinucleotide end grouping.
Evidence is presented, which indicates that the amino acids are bound in ester linkage to the 2' or 3' hydroxyl group of the terminal adenine nucleotide of the soluble ribonucleic acid.
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